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ABSTRACT

A Numerical study was conducted using Flueat computer program developed by Creare, Inc.
The objective was to determine the flow pattern between two sets of baffles in an experimental
reverse-flow circular combustor, designed for enhanced mixing and NO; reduction,by varying the

position and spray angle of the fuel injection nozzles. The segment of the combustor that was

investigated consisted of two baffles positioned on the upperface and tw ) o lowerfac .
circular combustor. Heated zir at 3005F and 3 atmospheres pressure was introduced idto the.
combustor with an inlet velocity of 100 fusec. The fuel, pentane, was introduced into the main

. Stream via fuel injection nozzles. There were four pozzles, two.on the upper and two on the
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Figure 15 - Exit Section Tesnperature Distribution for Case 6
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Figure 13 = Exit Section Temperature Distribution for Case 4

- 52

OUTER




GHORASHL, ET AL REVERSE FLOW CIRCULAR COMBUSTOR

22

MIDWAY

Cross-Sectional Temperarure Distributions for Case 3
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“Figure 11 - Cross—Sectional Temperature Distributions far Case 2
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... Figure 10 - Temperature Distibutions in Combustor for Case 2
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Figure 8 - Temperature Distibutions in Combustor for Case ]
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Figure 3 - A Schematic Diagram of Flow Straightner Unit.
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combustor edt.

Figure 9, compares the temperature distributions for two cross sections for Case
1 The section labeled “Midway” js kst downstream of the mid-combustor baffles. The
ool Sow regions nesr the side walls an be seen dearly. Some effect of the
&ir can be seen near the outer wall At the conbustor exdt, the coolest region & at the
center of the cross section, with the hottest zones near the side and inner walls.

Similar temperture patters can be seen in Fgures 10 and 11 for Cese 2. The
pozmary zone for this aase b quite similer © that of Case 1. However, near the

combustor exit there & a significant difference. Although the coolest region is the center
for both cases, the hottest region is near the outer wall in Case 2 and nexrer the inner

wall jor Case L. Since the only difference between the two aases is the fuel injection
velocity, the reason for-this difference is not dexr. -

Figure 12, shows the coss section temperature distributions for Case 3, which has
a smaller injection spray angie than Case 1. The distributions are similar for the two
Cases, ecept that at the "Midway” section Case 3 shows the cool regions nearer the outer
wall and st the exit the hottest regions are nesrer the outer wall

The effect of fuel drop size on the temperature distrfbution at the combustor exit
an be seen by comparing Figures 2, 13 and 14. In all three cases, the hott=st regions are
near the side walls, with & cooler center core region. The cruse of the asymmetry in
Figure 14, is not known at this time.

The exit cross—section temperature distribution for Case 6, Figare 15 is most
simﬂnbﬁutbr&clevmdwugh&wkmmehsashgkﬁmoﬁn}mslbng
the emnterline of the combustor and the spray angle is 45° whereas the Case 6 there gre
Sve lines of injectors and & zero spray angle. The fuel injection velocity is the same for
both ases. Both ases show higher tempersture regions across the entire outer
combustor wall

Further studies are needed to gain insight into the differences between the
temperature distribution patteamns.

CONCLUSION

The pattern depicted by the smoke visualization technique showed a behavior
ich is very desirable for the rapid mixing of fuel and air. These studies indicate the
for more effective atomization of the fuel Low injection velocity and large
jection spray angle were found to produce & mor¢ uniform temperatre distribution
et ldeally, the fuel injector nozzle should be cxpable of controlling swirls fuel
angle, and jet penetration.

1

i
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TABLED -

SUMMARY OF COMBUSTOR CASeS

AND EXIT TEMPERATURE RESULTS
Cam wwnen Spooy Ovep Py DM Baax Lassess TEAN TMAX
Mumsw Vaileary Asgin Dranmas o of TMAX DEN

R/ Dugran L | Onpwl § Dupul el
Sweume

1 120 45 50 U 2970 | 4630 | Side | 29680 | 0AL7
2 30 45 50 U 3480 | €90 | Outer | 4200 | 022
3 120 10 50 % | 2700 | 4530 | Side | 3740 | 0489
4 120 45 5 % 29500 | 4600 | Side | 3930 | 0433
S 120 45 100 U 3330 | 4630 | Side | 4120 | 0323
6 30 0 50 30 320 | 4570 | Outer | 4110 | 0353

*  The mean temperature at the combustor outlet varied from 3742 ‘R for Case 3
(stall fuel spray angle) W 4108 “R for Case 6 (30 fuel injectors). Case 2 (low fuel
injection velocity) gave a mean temperature nearly as high as Case 6 as well as the most
andform distribution. }is interesting that the leest uniform disaibution was
found for Case 3, which had the Jowest vahse of the mean temperature. Since the fuel
drop size was the same for Cases 2 and 3, the difference in the results can be attributed
to the initial fuel dispersion in the air steam.

Comparing Cases 1 and 2 shows that the greater fuel penctration into the
combustor volume associated with the higher fuel injection velocity had a detrimental
effect on the temperature distribution. The narrower angle of the fuel spray of Case 3
relative to that of Case 1 resulted in additional nonuniformnity of the temperature at the
combustor exit. Perhaps the zero spray angle used for Case 6 is the reason that it did
not show as uniform 2 temperature disgbution as Case 2, even though the fuel sprays
were more uniformly distributed.

A more interesting result was that 2 larger drop diameter gave 2 higher mean

ture as well as a more uniform diszibution, as can be seen by comparing Cases
1. 4. and 5. The longer burming times of the larger drops ouy have led to more uniferm
mixing with the air.

2 must be kept in mind that the primary combustion zone, where the fuel sprays
are located, is fuel-rich, with a fuel-air equivalence ratio that increases with d&isance
from the inlet up to a value of 140. Alr introduced in the secondary zone has a sgong
effect on the temperature distribution. Figure 4, shows the temperature dismibution for
Case 1 along the Jength of the combustor, at the centerline and near the side wall. Along
the centerline, moderately high temperatures are developed by the end of the primary
zone. The dilution air introduces a cool core flow that persists to the combustor edt.
However, at the side wall there is a ool core flow well in the secondary combustion
zone. The highest temperarures are found at the sides near the inner wall at the
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Case 22 .
The fuel injection welocity was set at 20 ft/sec for this aase. Such & velocity could
be achieved by increasing the fuel hole diameter and/ar the number of holes. Even
such a reduction in velocity would be likely 1o decresse the fuel spray angle, for

this case only the velocity was reduced. Al other prrameters were unchanged from the
ase.

Cased: .
mwmdnhdbad’&nhtyﬁd spray would have a
spreading angle of only about 10 degrees, rather than 45. Therefore, the angle in this
case was set at 10 degrees. Howevez, the fuel velocity was restored to the beseline value
of 120 ft/sec. -

" The effect of mean fuel drop size was checked by keeping all input parxmeters
the same as the baseline, but decreasing the fuel droplet dixmeter to 25 miqons. This
was about the size resulting from the theoretical caluistions made on the
Injector/atomizer part of the project.

S S

For this case, the fuel drop size was incressad o 100 microns, which is doser o
the mean drop size given in the available dsta. Al other input values were available
the sxme zs for the baseline case.

The results of the FLUENT aalculations are summarized in Table I and presented
y in Figures 8 to 15. Since the flow in the combustor is quite complex, simple

graphial
Quse-andweffect relationships are not to be expected.
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fmidsection of the combustor, the other downstresm of the secondary air injection
nazzies. These batfles are larger than the pritnary combustor baffles.

Figure 7, shows the Snite difference grid used. The basic grid 5 3 x 13 x 76,
with additional grid Bnes inserted at each fuel injector locadon. The injectors are
modeled as & adical~flowing air jet and a fuel dropictamay. The &ir jet is sized 30 that
#s cross-sectional area and velocity give the proper air flow for fuel atomization (besed
mlwmm&hﬁm&m;hmm”hdxhdmmd
0.002 inch high). The fuel spray is modeled as foar streams of cxcresponding
%o the four Bquid injection holes in the Sprayvectar stomizer., All fuel streams start ffom
Tocations in the combustor comespanding to the ends of the atamizers, about ane inch
from the combustor wall. The droplet Sameter, velocity, and the direction of the
mmwmmcbhwuﬂmdd\ewmwhkhhmﬂ
o the combustor wall) are inputs to the akculation that an be varied for each ase
alkulated. The fuel mass Sow rate was adjusted © produce an overall equivalence mtio
of 1.4 in the primary combustion zone. .

Table I showa the cambustor inlet conditions as specified for the
studies. Because Version 2.99 of FLUENT annot handle Mach numbers above about 03,
the indet velocity wes reduced © 100 £/sec. The secondary air 5 introduced at 210
#/3¢ec, with the low area adjusted 1o produce an ovenll equivalence ratio of 07,

TABLE ] COMBUSTOR INLET CONDITIONS

Operuting Conditions PFraware Tempereoare Velodty

Idle Jeon @X 75 R/vec
44 puia} (k]

Cruise . Haem [} 3 500 /e
2058 peia} 1500 |

Cold Flow - lam MK 25 R/sec
- (14 peia) 4 R

Case 1 - Maeeline -

For this case, the fuel injection velocity was 120 #/sec. This value was obtained
from the fuel Sow rate required, and assuming that each injector had four fue orifices,
0.047 inch in diameter. Because of the high fuel velodty, it was estimated that the fuel
spray angle with respect to the injector centerline was 45 degrees. The drop diameter
was assumed to be 50 micons. - R
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To aid the flow vinulzation of the air blast fuel injector, yellow dyed smoke was
injected via a high presse vesse! in the 2ir line feeding the fuel injector. The pattern
phanp:phedm;wlammmwdmdwid turbulent
pwbmﬂu!wmmﬂowmdbaumﬂyhh&udmdﬂcwuu
zudn air low was introduced.

High speed films were studied to identify differert Sow patters in the MCZs,
saing & 16 mun film projector with speed control capability. After viewing 16,000 frames
peT Alm, a frame by frame advance was conducted in predetermined segments of each
ﬂmbmhﬁawmhmdaﬂ. In Figure 5, for exmple, a single
frame of the fiow pattern in the reverse flow combustor is depicted at 1/100th second,
£/100th second. and 10/100th second ftervals. The first frame shows the very high
welocity parabolic jet profile of the smoke entesing the first MCZ. As the jet enters the
first pair of MCZs, it encounters the first set of air blast fuel injectors parpendicular to
the flow and begins to experience the effecs of the second pair of baffles. This
phenomenon is enhanced due to the axrved wall of the combustor positioning the baffles
relative to the main flow. Apamdﬁeﬂwkmmhﬂngm&whdah

the second and third frames.

Fgure &, Tustrates 3 comparison between the mumnericl simlation of the flow
and & andamly selected fiow visuakization fmage from the same jon. Strong
similarities are shown between the simulation, by using 2 ; ional fiuid dynamics

code [2] and the flow fmage. Both images show 3 high velocty main channel flow
accompanded by MCZ recirculation.

A saies of eperimental runs were completed to study Equid and main flow gas
interaction. The main flow was set to 2500 SCFM (at 100 psig). The air blast injector
wis opeated over an estimated droplet range of 60 to 170 micons based on
manufacturer's data. The pressure was set at the lowest range but outside of the
recommended operating pressire range ( > 80 psigl. The pressure range was 15 psig
from the 60 micren size droplet and 2.5 psig for the 170 micron droplet to simulxte
tiobine engine operating conditions. The camera was operated at 1000 frames per
second to photograph very rapid air motion and its interaction with liquid droplets. The
lownozzlepmmwgeﬂmwuusedauuddmpletmlm

COMPUTATIONAL STUDIES

Combustor Model

As noted earlier, in the primary combustion zone, there xre four baffles on the
cuter wall and two on the inner wall These baffles are 28 inches which and 3.0 inches
long and exend the full width of the combustor. A fuel injector/atomizer is located
downstream of each baffle, midway between the two side walls, (Figure 7). The fuel
injectors /atomizers are of the air-blast type, with a high velocity jet of air atomizing the
Yquid fuel and gansporting it into the combustion volume in a direction a
narmal to the mean flow in the combustor. Two more pairs of baffles are located
downstream, one at the midsection of the combustor, the other downstream, one at the
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Thmindnmndﬂoww;mmmdbyauﬁ:dr liier. A compressed air
mhatM-ldudvdy&wm&bmanmﬂdw&ﬂaw.
A regulator was used to set the 1ir pressure, thereby controlling the volumetric air iow.

Ihembhsthdh;mwmdnmbyammhuddrupply
(Figure 5). The 20 injectors were supplied from a crstom manifold. The fuel part of the

Wmhupphd%mmnhwwmwmmﬁdw‘
upon the chaice of flow visualizaton experiment.
FPrmcedure -
hhwdwmﬂammmmmb
determine the appropriate concentration of stnoke in the reverse fiow circular combustor.
A smoke generator with a 4500 dfm apadity was set at 1/10th its full ange apacity and
smoke was injected conaurently with the main stream air low. The inlet pressure to
hmhwﬂwmpﬁﬁamﬁmwh:d\mequdblwmddu&duﬂw
in the combustor.

Smokenyxdly.ed&epnnurymmbusbmdnmbd&ctbydimﬁngh
visual access to denils in the Sow patern.  This, however, did not ceate any

25 mum lens with a 360 degree/25 shatter was used tiroughout the study.
was varied from 2.8, 4.0, o 55 in a disgete mode. .
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four baffles on the outermast creular surface and two baffles on the innermest shce
(Figure 2).

Thzﬂowpaﬁzmmsmdkdusingﬂran'Fudthmlmgtvdodtydu
ft/sec. Suwktwuhuoducedim&nm'lh'ﬂwvhlmohmlﬂow

Computational fhuid mechanics studies using the FLUENT computer code were
5 of the combustor design. An ovenall combustor

mydmmnﬁaﬂwudhﬁﬁwpﬁmmmvm
299 [2], a general-purpase computer program for modeling fluid fow. FLUENT uses
.mﬁmwmndnumm-mmmw
Mﬂ\equ:ﬁashrnn'bnlmmddtmda!speda. The fluid is regzrded as a
anﬁmmmddupvmﬁngequtﬂmsmwhadhm&ddmﬁundm
A Lagrangian approach is used Bquid dropless or particles.

Two aspects of the combustor fiow were studied. An ovenall combustor model
was developed. This model induded the craular combustar shape with the internal
b&suﬂmlﬁpkkﬁcﬁmhaﬁu&hnwﬂhldmp&ﬁd@mdhd
fnjection sprays. This mode] was used to determine the effects en the remperature
distribution In the combustor of some of the key fuel injection parameters, induding
drop size, velocity, and spray divergence angle. A separate study eamined the nature
dhﬂow&omatypb!dr—bhsxhjewdmﬂh&wmdmwu\d

FLOW VISUALIZATION STUDIES

A smoke generator was used to inject smoke into the main zir flow. The smoke
waahighmlea:hrwdghpolyhydﬂcdmholﬂwﬁwwﬁﬁnmwm&d
from a 1 foot ID. cube tapering down to an 85 inch 1D. cube. 1k contained 2

screen followed by three wire screens, (Figure 3). An injection tube was
m@pm@hmwmnmdhmwm

the face of the honeycomb. .

The reverse fiow combustor flow visualization unit was constructed from
polymcthyimeducyhteMA)hdnegtomcﬂydeMLD.duawiﬁuQJM
fnch inner radius and a 62 3/4 inch outer radius. I first—stage contains six MCZ's and
six injectors and the second—stage contains 4 mixing jess- This stage does not contain
MCZ's.
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injector design on the emperatzre distribution throughouat
particular attention to the combustor edt. Low injection velocity and large injection
spray angle were found to produce 2 more uriform empaatire distribution a the exit

,mwmwwhmmwdm.
behavior which is very desirable for the rapid mixing of fuel and air. The stemization
of fuedl was visualized by injection of 3 yellow dye smoke in the Bquid side of the air-
blast injector. The portion of the combustor volume that was investigated consisted of
four baffies on the outermost tircular sarface and two baffles on the innermont surface.
The Sow exhibited a rapid ciraulation pattern inside the MCZs. The channe flow also
exhibited a high degree of interaction with the MCZs. Exparimental investigation of the
Sow pattern in the combustr showed similarities ©0 the cxmputational Suid dynamdc

INTRODUCTION .
The development of eficient air-breathing jet propulsion engines that produce
Tow levels of pollutants in the exhsust will require an improved anderstanding of the
flow and reaction processes that take place in combustion chambers. These processes
incdlude atomization and when liquid fuels are used, and tansport, mixdng,
and chemiaal reaction, for both liquid and gaseous fuels. Computational fluld mechardcs
gamehmdmmemthmw
mans.
A Sow visualization study of the mixing pattern in 3 reverse fiow combustor
was conducted (Figure 1) A trarsparent model was constructed o camine the flow
pattern and mixing of side-mounted turbulent jets and their interaction with the main ‘s
channel Sow. The portion of the combustar volume that was investigated consisted of
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